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Impairments of working memory (WM) performance are frequent concomitant symptoms
in several psychiatric and neurologic diseases. Despite the great advance in treating the
reduced WM abilities in patients suffering from, e.g., Parkinson’s and Alzheimer’s disease
by means of transcranial direct current stimulation (tDCS), the exact neurophysiological
underpinning subserving these therapeutic tDCS-effects are still unknown. In the present
studyweinvestigatedtheimpactoftDCSonperformanceinavisuo-spatialWMtaskandits
underlying neural activity. In three experimental sessions, participants performed a delayed
matching-to-sample WM task after sham, anodal, and cathodal tDCS over the right pari-
etal cortex.The results showed that tDCS modulatedWM performance and its underlying
electrophysiological brain activity in a polarity-speciﬁc way. Parietal tDCS altered event-
related potentials and oscillatory power in the alpha band at posterior electrode sites.The
presentstudydemonstratesthatposteriortDCScanaltervisuo-spatialWMperformanceby
modulating the underlying neural activity.This result can be considered an important step
toward a better understanding of the mechanisms involved in tDCS-induced modulations
of cognitive processing.This is of particular importance for the application of electrical brain
stimulation as a therapeutic treatment of neuropsychiatric deﬁcits in clinical populations.
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INTRODUCTION
Working memory (WM) refers to a mental workspace that allows
onetotemporallystoreandmanipulatealimitedamountof infor-
mation in mind. WM functioning is essential for a wide range
of complex cognitive tasks, such as reasoning, problem solving,
languagecomprehension,andlearning(Baddeley,1992).WMper-
formance typically activates a fronto-parietal network, including
the dorsolateral prefrontal cortex (DLPFC; Smith and Jonides,
1997; Courtney et al., 1998; Nystrom et al., 2000; Hautzel et al.,
2002)andtheposteriorparietallobe(Owenetal.,2005).Whilethe
DLPFC is involved in the processing of stimulus information dur-
ingretentiontimes(Funahashietal.,1993),theparietalcorticesare
responsibleforthestorageof perceptualattributes(Callicottetal.,
1999), and the maintenance of information speciﬁcally regarding
spatial locations (Olson and Berryhill, 2009) hereby constituting
the capacity limit for the amount of items an individual is able
to store (Todd and Marois, 2004). Consequently, the involvement
of the posterior parietal lobe is consistently found during a wide
range of WM tasks (Wager and Smith, 2003). Accordingly, dam-
ageof theposteriorparietallobeleadstoWMimpairments(Olson
and Berryhill,2009).
Impairments of WM performance are frequent concomitant
symptoms in several psychiatric and neurologic diseases. Patients
suffering from Alzheimer’s disease (AD) exhibit speciﬁc deﬁcits
in visual and spatial WM performance. They demonstrate serious
impairments of spatial memory span and the retention of visual
information (Huntley and Howard, 2010). Speciﬁcally, the spa-
tial WM component seems to be more strongly affected in AD
comparedtoindividualswithmildcognitiveimpairment(Alescio-
Lautier et al., 2007). Likewise, patients with Parkinson’s disease
(PD) demonstrate a remarkable reduction in visuo-spatial WM
abilities(LeesandSmith,1983).Inparticular,thesepatientsexhibit
diminishedstoragecapacitiesaccompaniedwithdeﬁcitsinretain-
ing spatial, visual, and verbal information (Owen et al., 1997; Lee
et al., 2010). Moreover, patients with amyotrophic lateral scle-
rosis (ALS) show reduced WM abilities associated with reduced
spatial WM capacity (Hammer et al., 2011). In addition to neu-
rological patient populations, psychiatric patients widely display
speciﬁc WM impairments such as comprehensive visual WM
abnormalities in patients with schizophrenia (Barch et al., 2003)
and depression (Rose and Ebmeier, 2006).
Eventhoughtheadministrationof dopamineagonistshasbeen
shown to improveWM in normal subjects and patients with trau-
matic brain injury (TBI; McAllister et al., 2011; Wallace et al.,
2011), the success of pharmacological treatments of WM-deﬁcits
is still restricted in terms of limited effectiveness and side-effects
(Birks, 2006; Marder, 2006; McGurk et al., 2007). In recent years,
transcranialdirectcurrentstimulation(tDCS)hasbeenemployed
as a new approach to alter memory performances in healthy
participants as well as to improve abnormal memory abilities
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in neuropsychiatric patients (Brunoni et al., 2011; Nitsche and
Paulus, 2011).
Transcranial direct current stimulation is a non-invasive tech-
niquefordeliveryof lowcurrentstothecerebralcortexthatresults
in the modulation of cortical excitability (Bindman et al., 1962).
With tDCS, weak constant electric currents are applied on the
cortical surface in a non-invasive and painless manner (Priori,
2003; Fox, 2011). The current ﬂows between an active and a ref-
erence electrode. While a part of this current is shunted through
the scalp, the rest is delivered to the brain tissue (Miranda et al.,
2006),thereby inducing diminutions or enhancements of cortical
excitability (Nitsche et al., 2008). The direction of the tDCS-
induced effect depends on the current polarity. Anodal tDCS
typically has an excitatory effect while cathodal tDCS decreases
the cortical excitability in the region under the electrode (Nitsche
and Paulus, 2000; Nitsche et al., 2003). Speciﬁcally, anodal tDCS
causes a depolarization of the resting membrane potential and
increases the ﬁring rate, whereas cathodal tDCS decreases the ﬁr-
ing rate via hyperpolarization of the resting membrane potential
(Bindman et al., 1962; Purpura et al., 1965). Importantly, tDCS
effects are not restricted to this primary polarization mechanism
during stimulation, because after-effects persist over minutes to
hours. These after-effects of tDCS are associated with a number
of different mechanisms, including local changes in ionic con-
centrations (hydrogen, calcium) and levels of cyclic adenosine
monophosphate (cAMP; Hattori et al., 1990), alterations in pro-
teinsynthesis,andmodulationof N-methyl-d-aspartate(NMDA)
receptor efﬁcacy (Gartside, 1968; Hattori et al., 1990; Liebetanz
et al.,2002).
To date, the neuromodulatory changes induced by tDCS have
been associated with modiﬁcations of the motor (Priori et al.,
1998; Nitsche and Paulus, 2000)a sw e l la sav a r i e t yo fs e n s o r y
systems, including the visual (Antal et al., 2003, 2004; Accornero
et al., 2007), the somatosensory (Dieckhofer et al., 2006; Antal
et al., 2008), and the auditory system (Vines et al., 2006; Loui
etal.,2010;Zaehleetal.,2011a).Inthecognitivedomain,polarity-
speciﬁc effects of tDCS have been reported for WM functions in
healthy participants (Fregni et al., 2005; Ohn et al., 2008; Zaehle
et al., 2011b). Anodal tDCS over the DLPFC improves visual
WM (Fregni et al., 2005; Zaehle et al., 2011b), whereas catho-
dal stimulation of the DLPFC interferes with short-term auditory
memoryperformance(Elmeretal.,2009)andcathodaltDCSover
the right inferior parietal cortex impairs object recognition WM
(Berryhill et al.,2010). Regardless of polarity,tDCS over the cere-
bellum disrupts practice-dependent improvement during a verbal
WM performance (Ferrucci et al.,2008b),whereas bifrontal tDCS
impairs response selection and preparation in a verbal WM task
(Marshall et al.,2005).
Most importantly, in addition to the progress of tDCS-related
treatments of several cognitive (Fregni et al., 2006; Monti et al.,
2008),affective(Boggioetal.,2008;Nitscheetal.,2009),andmotor
(Boggio et al., 2007; Bolognini et al., 2009)s y m p t o m si nn e u -
ropsychiatricdisorders,ﬁrstsuccessfulattemptsinthedirectmod-
ulation of speciﬁc memory deﬁcits in neuropsychiatric patient
populations have been demonstrated (Brunoni et al., 2011). It
has been shown that idiopathic Parkinson patients could increase
accuracy in a three-back letter WM task by approximately 20%
during 20min of 2mA anodal tDCS over the left DLPFC (Boggio
etal.,2006).Analogously,instrokepatientsJoetal.(2009)demon-
strated enhanced recognition accuracy by approximately 10% in
a verbal WM task after 30min of 2mA anodal tDCS over the
left DLPFC. Moreover, in patients with AD 30min anodal tDCS
at 2mA over left temporal and left DLPFC could increase recog-
nition memory by 18.03 and 13.8%, respectively (Boggio et al.,
2009). Similarly, in this patients word recognition memory could
be improved by approximately 15% after 15min anodal tDCS at
1.5mAovertempo-parietalregions(Ferruccietal.,2008a).Finally,
bilateral anodal tDCS over the temporal cortex of AD patients
at ﬁve consecutive days improves the visual recognition mem-
ory by 8.99% for at least 4weeks (Boggio et al., 2011). However,
the nature of the neurophysiological mechanisms underlying this
tDCS-related cognitive enhancement is not well understood. In
a recent study, we investigated the impact of tDCS over the left
DLPFC on performance in a WM task and its underlying neural
activity in healthy participants (Zaehle et al., 2011b). The anodal
tDCS improved,whereas cathodal tDCS interfered with WM per-
formance.ThesetDCS-inducedeffectswerereﬂectedintheneural
oscillatoryactivity,showingpolarity-speciﬁcalterationsasafunc-
tion of tDCS. Anodal tDCS enhanced, whereas cathodal tDCS
suppressed the event-related oscillatory power in the theta and
alpha range.
In the present study we examined the impact of tDCS on
visuo-spatial WM performance and the underlying neural activ-
ity. In particular, we explored the effect of tDCS applied over
the right parietal lobe on electrophysiological brain activity dur-
ing a delayed matching-to-sample WM task. Given the critical
involvementof theposteriorparietallobeinWMfunctions(Todd
and Marois, 2004; Corbetta et al., 2008; McNab and Klingberg,
2008), we hypothesized tDCS-dependent alteration of WM per-
formance.Furthermore,wepredictedtDCS-relatedmodiﬁcations
of theunderlyingneuralactivity.Toourknowledge,thisistheﬁrst
study to investigate the modulatory effects of parietal tDCS on
electrophysiological brain activity in the context of a visuo-spatial
WM task.
MATERIALS AND METHODS
PARTICIPANTS
Twelve healthy adults participated in this study (seven female).
The age range was 21–31years (mean 25.8years). All sub-
jects reported being consistent right-handers, having no metallic
implant, no history of neuropsychiatric disorder, and normal or
corrected-to-normal vision acuity and color vision.
TRANSCRANIAL DIRECT CURRENT STIMULATION
Participants were seated comfortably in a recliner in front of
a personal computer screen in an electromagnetically shielded
room.Thecurrentwasappliedbyabattery-drivenDC-stimulator
(Eldith, NeuroConn GmbH, Germany) using a pair of rubber
electrodes in 5×7cm synthetic sponges soaked in 0.9% NaCl
solution. For stimulation of the right parietal cortex the active
electrode (to which the term anodal/cathodal stimulation refers)
was placed over P8/P10 and the reference electrode over P7/P9.
These electrode positions were consistent to the European 10–
20 system for electroencephalography (EEG) electrode placement
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(Jasper, 1958). Each participant performed three separate tDCS
sessions: one anodal, one cathodal, and one sham tDCS session
separated by at least 24h to avoid carry-over effects. The session
order was counterbalanced across participants. Within each ses-
sion, a constant current of 1mA was applied for 30min, with a
linearfadein/fadeoutof 10s.Forshamstimulationtheelectrodes
wereplacedonsamepositions,butafterafadeinperiodof 10sthe
stimulator was turned off without awareness of the participants.
This procedure ensured that in the sham and stimulation condi-
tions,participants experienced the initial itching that recedes over
the ﬁrst seconds of tDCS. Accordingly, none of the participants
were able to determine whether or not they received real or sham
stimulation.
WORKING MEMORY ASSESSMENT
The procedure of the experimental sessions was carried out
sequentially: the participants performed a delayed matching-to-
sample visuo-spatial WM task (Vogel and Machizawa, 2004) with
concurrent EEG recording starting 7.4min±2.4 (SD) after each
tDCS condition (sham, anodal, cathodal). Stimulus presentation
wascontrolledbythePresentation software(NeurobehavioralSys-
tems, USA). During each trial, subjects were presented a ﬁxation
cross (2800±3500ms) followed by an arrow (200ms) indicat-
ing the hemiﬁeld (left/right) to be attended. A memory array
was then presented within two rectangular regions that were
centered to the left and right on a gray background. These two
rectangular regions of the memory arrays consisted of four col-
ored circles (0.69˚) with randomized position (within a rectangle)
and were randomly colored (blue, brown, green, red, cyan, yel-
low, orange, pink, black, white). The memory array appeared for
150ms and was followed by a retention period of 2000ms dur-
ing which subjects had to retain the memory array. This was
followed by the presentation of a test array with one circle in
the center of the screen, which was either identical or different
in color compared to the circles shown in the memory array
(cf. Figure 1). Subjects had 2000ms before the onset of the
next trial to make a push-button response to indicate whether
or not the probe stimulus in the test array was identical to one
stimulus in the memory array. The test sequence consisted of
256 trials separated into four runs. The order of the trials was
FIGURE 1 | Experimental design: the ﬁgure illustrates the sequence of
events in each trial.
identical across individual sessions but pseudo randomized across
subject.
To assess the individual WM performance, we calculated the
WMcapacityK (Cowan’scoefﬁcient;Cowan,2001)foreachtDCS
stimulationcondition(sham,anodal,cathodal).ValuesforK were
estimatedforeachsubjectbyK =S (H–F).Theformulaassumes,
that if K items can be held in WM from an array of S objects, the
probeditemwouldhavebeenoneof thoseheldinmemoryonK/S
of the trials such that performance will be correct on K/S of the
changetrials(=hitrateH).Tocorrectforguessing,thisprocedure
also takes into account the false alarm rate F.
In the end, K values were analyzed using 3×2 repeated-
measures ANOVAs with the within-subject factor tDCS (sham,
anodal, and cathodal) and attended hemiﬁeld (left, right).
Greenhouse–Geisser correction was applied in case of violation
of the sphericity assumption.
EEG RECORDING AND ANALYSIS
During the WM task, EEG was recorded from 19 standard scalp
locations according to the European 10–20 system (Fp1, Fp2, F3,
F4, F7, F8, Fz, Cz, C3, C4, T3, T4, Pz, P3, P4, T5, T6, O1, O2)
using Ag/AgCl electrodes mounted in an elastic cap (Soft Cap
EEGH-Z-∗,Walter Graphtec GmbH). The vertical and horizontal
electrooculogram was recorded with one electrode placed below
and one placed approximately 1cm to the external canthus of
the right eye. EEG data were recorded by a PL-351 ampliﬁer and
the corresponding software (Walter Graphtek GmbH) referenced
to electrode POz and sampled at 500Hz. Impedances were kept
below 10kΩ. EEG preprocessing and data analysis were carried
out in Brain Vision Analyzer 2.0 (Brain Products, Munich, Ger-
many),andFieldTriphttp://ﬁeldtrip.fcdonders.nl/.EEGdatawere
off-line ﬁltered from 1 to 40Hz and re-referenced to a common
averagereference.Event-relatedpotentials(ERPs)weresegmented
into 1300ms epochs starting 300ms before the onset of the mem-
ory array and covered the retention period, thus analyzing the
encoding and retention phase of the WM task. Baseline correc-
tion was accomplished between −300 and −200ms. Segments
containing ocular artifacts,movement artifacts,or ampliﬁer satu-
ration were excluded from the averaged ERP waveforms. ERPs for
eachstimulus(attendleft,attendright,separatelyforsham,anodal,
and cathodal) were averaged for each subject and grand-averaged
across subjects.
Subsequently, for posterior channels (P3, P4, Pz, O1, O2) peak
analysis of the ERP was performed on single-subject averages
measured for the ERP components N2 (most negative deﬂec-
tion between 100 and 200ms), P2 (positive deﬂection between
180 and 280ms), and N3 (negative deﬂection between 240 and
340ms). Furthermore, the sustained posterior contralateral neg-
ativity (SPCN; Klaver et al., 1999) was investigated by calculating
the mean amplitude in a latency range between 600 and 700ms.
These latencies were deﬁned on the basis of the grand average
computedacrossallparticipantsandconditions.Intheend,ampli-
tude measures were analyzed using separate repeated-measures
ANOVAs. These 3×2 ANOVAs included the within-subject fac-
tortDCS(sham,anodal,andcathodal)andattendedhemiﬁeld (left
and right). Greenhouse–Geisser correction was applied in case of
violation of the sphericity assumption.
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Furthermore,event-relatedspectralperturbations(ERSP)were
analyzed for each subject and condition. ERSPs were calculated
for parietal and occipital channels (P3, P4, Pz, O1, O2) using
a wavelet-based analysis implemented in Brain Vision Analyzer
2.0 software. We used a continuous wavelet transform (WT) with
complex Morlet wavelets (Morlet parameter c 3.8; 40 frequency
steps from 1 to 40Hz) to examine the frequency composition
of single-trial epochs. The magnitudes of the WTs of single-trial
epochs were then averaged to compute the total power of activ-
ity, which contains signal components that are phase-locked and
non-phase-locked to the stimulus event. For each scale of the WT
a baseline correction was applied by subtracting the mean ampli-
tude within the −300 to −50ms time window from each data
point after stimulus onset. tDCS effects on oscillatory brain activ-
ity were analyzed by computing ERSP differences between the
separate tDCS conditions. For statistical comparisons, we used a
non-parametric cluster-based randomization approach built into
FieldTrip.Alldatapoints(40frequencystepsfrom1to40Hz)were
included in this global analysis of time frequency bands. In par-
ticular, this procedure deﬁned clusters on the basis of the actual
distribution of the data and tested the statistical signiﬁcance of
these clusters using a Monte-Carlo randomization method with
correctionformultiplecomparisons(Marisetal.,2007).Theclus-
tering used 500 randomizations and was performed in time and
frequency simultaneously. The t-statistic of paired t-tests was cal-
culated on a cluster-level by taking the sum of the t-values within
the respective cluster (Jacobson et al., 2012).
RESULTS
BEHAVIORAL DATA
The K value (Cowan,2001),an individual estimate of WM capac-
ity, was calculated for each subject separately for each tDCS
condition (cf. Figure 2). The 3×2 repeated-measures ANOVA
with the factors tDCS (sham, anodal, cathodal) and hemiﬁeld
(left, right) revealed a signiﬁcant tDCS ×hemiﬁeld interaction
[F(1.8, 20.4)=4.16, P <0.05]. Neither the main effect for fac-
tor tDCS [sham, anodal, cathodal; F(1.9, 21.6)=2.12, P =0.15]
nor the main effect for factor hemiﬁeld [left,right;F(1.11)=0.54;
P =0.48] reached statistical signiﬁcance. Subsequent separate
ANOVAs with the factor tDCS (sham, anodal, cathodal) for the
left and right hemiﬁeld revealed a signiﬁcant main effect of tDCS
for stimuli attended in the left hemiﬁeld only [F(1.8,20.6)=3.93,
P <0.05].WhileanodaltDCSoftherightparietalcortexdecreased
WMcapacityforcontralateralstimuli,cathodaltDCSincreasedit.
For stimuli that had to be attended on the ipsilateral (right) hemi-
ﬁeld,bothactivetDCSconditionsinterferedwiththeWMcapacity
in comparison to the sham condition.
EVENT-RELATED POTENTIALS
Figure 3 illustrates the ERP data for anodal, cathodal, and sham
conditionsforstimuliattendedintheleftandrighthemiﬁeldaver-
aged over 12 subjects for the analyzed electrodes (P3, P4, Pz, O1,
O2). Visual stimulation consistently evoked a N2 component at
150ms which was followed by the P2 component at 230ms. A
N3 component was elicited consistently in all tDCS conditions
with a mean latency of 300ms which was followed by an SPCN
component between 600 and 700ms.
FIGURE 2 |Transcranial direct current stimulation effect on working
memory capacity K:WM capacity (K) is given for sham (blue), anodal
(red), and cathodal (green) tDCS of the right parietal cortex separately
for attended stimuli in the left and right hemiﬁeld.
FortheamplitudeoftheN2ERPcomponentthe3×2repeated
measurement ANOVAs with the factors tDCS (sham, anodal,
cathodal) and hemiﬁeld (left, right) revealed a signiﬁcant main
effect of the factor tDCS at electrodes P3 [F(1.9, 22.2)=4.64,
P <0.05], and Pz [F(1.9, 21.4)=5.29, P <0.05], and a statistical
trend at electrode P4 [F(1.5, 16.9)=2.66, P =0.1]. Anodal tDCS
reduced the N2 amplitude as compared to sham and cathodal
stimulation regardless of the attended hemiﬁeld in the bilateral
posterior cortex (cf. Figure 4).
Analysis of the amplitude of the P2 component revealed a
signiﬁcant tDCS ×hemiﬁeld interaction at electrodes P3 [F(1.6,
17.2)=8.82, P <0.01], and a statistical trend at Pz [F(1.6,
17.1)=3.29, P =0.07]. Subsequent separate ANOVAs with the
factor tDCS (sham, anodal, cathodal) revealed a signiﬁcant main
effectof thefactortDCS forstimuliattendedintherighthemiﬁeld
at electrode P3 [F(1.8, 20.4)=5.29, P <0.05]. Both, anodal and
cathodal tDCS decreased the P2 amplitude as compared to sham
stimulation for stimuli attended in the right hemiﬁeld at left and
central posterior electrode sites.
N3 amplitudes were modulated by tDCS at electrodes O1
[F(1.7, 19.2)=2.69, P =0.09] and O2 [F(1.9, 20.9)=4.69,
P <0.05]. Both, anodal and cathodal tDCS decreased the N3
amplitude as compared to sham stimulation.
Statistical analysis of the SPCN revealed a signiﬁcant
tDCS ×hemiﬁeld interaction at electrode P3 [F(1.8, 19.7)=5.88,
P <0.05], and a statistical trend at electrode O1 [F(1.3,
14.2)=2.68, P =0.09]. Subsequent separate ANOVAs with the
factor tDCS revealed signiﬁcant main effect of the factor tDCS
for stimuli attended in the left hemiﬁeld at electrode P3 [F(1.4,
15.8)=4.04,P <0.05],andforstimuliattendedintherighthemi-
ﬁeld at electrode O1 [F(1.5, 17)=3.48, P =0.06]. Both, anodal
andcathodaltDCSdecreasedtheSPCNamplitudeoverleftposte-
riorscalpregionsforstimuliattendedinthelefthemiﬁeld,whereas
active tDCS increased the amplitude for stimuli attended in the
right hemiﬁeld over left occipital scalp regions.
EVENT-RELATED SPECTRAL PERTURBATION
Non-parametric cluster permutation statistics were computed on
ERSPstocomparethedifferenttDCS conditions.Thisanalysiswas
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FIGURE 3 |Transcranial direct current stimulation effect on
event-related potentials (ERPs): Grand average scalp-recorded
ERPs are given for anodal, cathodal, and sham conditions for
stimuli attended in the left and right hemiﬁeld. ERPs are averaged
over 12 subjects for the posterior electrodes P3, P4, Pz, O1, and O2.
ERP topographies of grand averages across all conditions are given
separately for the N2 (150ms), P2 (230ms), N3 (300ms), and SPCN
(1650ms).
conductedseparatelyfortheattendleft andattendright condition
and revealed a signiﬁcant decrease in the alpha band (6–16Hz),at
thelatencyrangeof 96–432ms(t11 ≥2.2,P <0.05)aftercathodal
as compared to anodal tDCS at electrode Pz for the attend right
condition only. Figure5 shows the ERSP time frequency plots for
theshamconditionandtheactivestimulationconditions(anodal,
cathodal) plus the corresponding differences at electrode Pz.
DISCUSSION
This study investigated the impact of parietal tDCS on perfor-
mance in a visuo-spatial WM task and its underlying neural
activity. To achieve this goal, participants performed in three sep-
arate sessions under sham,anodal,and cathodal tDCS of the right
parietal cortex a delayed matching-to-sample task, in which four
visual stimuli presented in one visual ﬁeld had to be memorized
and compared with a single subsequently presented test stimulus.
Parietal tDCS during the visuo-spatial WM task had a sig-
niﬁcant modulatory effect on the WM capacity. Anodal tDCS
over the right parietal lobe decreased WM capacity for stimuli
attendedinthelefthemiﬁeld,whereasrightparietalcathodaltDCS
increased WM capacity for attended stimuli in the left hemiﬁeld.
These modulations in WM capacity can be related to modulated
activity in posterior brain areas during the execution of the WM
task. Analysis of the ERP during memory encoding and reten-
tion revealed that speciﬁc ERP components are modulated by
the active tDCS conditions. In particular, anodal tDCS gener-
ally reduced the N2 amplitude over the bilateral posterior cortex
regardless of the attended hemiﬁeld, whereas both, anodal, and
cathodal tDCS decreased the P2 amplitude for stimuli attended
in the right hemiﬁeld at left and central posterior electrode sites.
Furthermore, active tDCS decreased the N3 amplitude over bilat-
eral occipital areas. The SPCN amplitude over left posterior scalp
regions was reduced by active tDCS for stimuli attended in the left
hemiﬁeld,whereasanodalandcathodaltDCSincreasedtheampli-
tude for stimuli attended in the right hemiﬁeld over left occipital
scalpregions.Furthermore,rightparietalcathodaltDCSdecreased
event-related oscillatory power in the alpha band.
On the behavioral level, in the present study we found that
cathodal tDCS improved the visuo-spatial WM capacity, whereas
anodal tDCS slightly interfered with the WM performance when
tDCS was applied over the right parietal cortex. Notwithstanding
these results are in contrast to the commonly observed anodal-
improvement/cathodal-impairment dichotomy, our tDCS-effects
are consistent with recent studies demonstrating tDCS-related
modulation of higher cognitive functions. Monti et al. (2008)
found that cathodal tDCS over left fronto-temporal areas signiﬁ-
cantly improved the accuracy of picture naming, whereas anodal
tDCS failed to induce any changes. Similarly, You et al. (2011)
found that cathodal tDCS over right superior temporal areas
induced signiﬁcantly greater improvements in auditory verbal
comprehension than anodal tDCS or sham tDCS over left supe-
rior temporal areas. Furthermore, Boggio et al. (2010) found that
both,anodal and cathodal tDCS increased the propensity for risk-
taking. It has been suggested that the observed improvement after
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FIGURE 4 |Transcranial direct current stimulation effect on ERP amplitudes: Bar plots show ERP amplitudes at electrodes P3, P4, Pz, O1, and O2 for
different conditions (sham, anodal, and cathodal) and the attended hemiﬁeld (left, right).
cathodal tDCS might be related to a tDCS-induced depression of
cortical inhibitory interneurons, leading to a disinhibition, and,
consequently, to an improved functioning of the target cortex
(Monti et al., 2008). Generally, the commonly observed anodal-
improvement/cathodal-impairment dichotomy is seen mainly in
motor studies and rarely in cognitive studies (Jacobson et al.,
2012). Furthermore, the distribution of the current ﬂow through
the head is much more complex and even common tDCS para-
meters cannot fully predict the current that reaches the cortex
(Neuling et al., 2012). Therefore, in addition to the polarity of
modulation, effects of tDCS on WM often depend on additional
variousfactors,suchasthetask,currentdensity,modulationdura-
tion, electrode montage, electrode size, and orientation of the
electric ﬁeld in relation to the anatomical and geometrical feature
of the cortex. In the context of the current electrode mounting at
parietalelectrodesitesP7/9,Neulingandcolleaguescoulddemon-
stratethatbesideposterior(parietalandoccipital)brainareas,also
temporal, and frontal cortices reach current densities.
In this study we further assessed the electrophysiological
brain activity during the WM task in order to investigate the
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FIGURE 5 |Transcranial direct current stimulation effect on oscillatory
brain activity: Event-related spectral perturbation (ERSP)
time-frequency plots are given for the sham, anodal, and cathodal
conditions.The ﬁgure shows the results separately for the attend left
(above) and the attend right (below) conditions. Differences between the
conditions were computed by subtracting the active ERSPs (anodal,
cathodal) from the sham ERSP (left and middle row) or by subtracting the
cathodal ERSP from the anodal ERSP (right row).The white contour
indicates signiﬁcant differences between the conditions (P <0.05,
corrected for multiple comparisons). Note the different scaling for the
ERSP plots (sham, anodal, and cathodal condition; upper rows) and the
difference plots (lower rows).
underlying neural mechanisms mediating the tDCS-induced
behavioral effects. To date, reports of electrophysiological corre-
lates of tDCS effects are sparse. Using visual ERPs, Antal et al.
(2004) demonstrated that the amplitude of the N70 ERP compo-
nentisincreasedbyanodaltDCS,whileitisdecreasedbycathodal
tDCS. The opposite effect has been reported for the visual P100,
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showing reduced amplitudes for anodal and increased amplitudes
for cathodal stimulation (Accornero et al.,2007). Polarity-speciﬁc
changes have also been observed for motor cortex excitability
(Nitsche and Paulus, 2001) as well as for ERPs in the somatosen-
sory (Matsunaga et al., 2004; Dieckhofer et al., 2006; Antal et al.,
2008),andauditorymodalities(Zaehleetal.,2011a).Inagreement
with these ﬁndings,our results revealed polarity-speciﬁc effects of
anodal and cathodal tDCS on cortical activity.
Moreover, during the retention of the visuo-spatial informa-
tion, we found a signiﬁcant decrease in oscillatory power in the
alpha band for the cathodal tDCS over the parietal cortex. Gener-
ally,WM operations have been related to oscillatory brain activity
in multiple frequency bands, including the theta (4–8Hz), alpha
(8–12Hz), and beta (12–30Hz) range (Klimesch et al., 2005). In
particular the performance in visual WM tasks has been speciﬁ-
cally associated with alterations in event-related alpha band activ-
ity(Pesonenetal.,2007).Inthisregardalphaactivityisassumedto
reﬂect a general inhibition of non-task relevant areas (Klimesch,
1999) and may index the degree of inhibition necessary during
internally, as opposed to externally, directed attention (Cooper
et al., 2003). Furthermore, alpha activity increases during the
retention interval of memory tasks, when participants need to
keepinmindseveralitemsafterencoding,andlaterrespondedtoa
probe(Klimesch,1999;BuschandHerrmann,2003;Sausengetal.,
2005;Klimeschetal.,2007).Moreover,alphapowerincreaseswith
increasing number of items to be remembered (Klimesch, 1999;
Jensen et al., 2002; Schack and Klimesch, 2002). Thus our ﬁnding
of an increase in alpha activity by means of cathodal tDCS might
bedirectlyrelatedtotheincreasedperformanceof theparticipants
in the WM task.
Previously, we showed that tDCS over the left DLPFC induces
altered WM performance by modulating its alpha activity. In par-
ticular, we demonstrated that cathodal tDCS of the left DLPFC
decreases alpha activity over posterior scalp locations (Zaehle
et al., 2011b). This effect is in accordance with the present data
showing decreased posterior alpha activity after cathodal tDCS
of the right parietal lobe. Even though we previously interpreted
the modulatory effects of tDCS on WM to be speciﬁcally related
to the responsiveness of the left DLPFC, it can be assumed that
altered local cortical excitability in one part of the responsible
network inﬂuences the whole neural network associated with
WM functions beyond the site of stimulation leading to com-
parable electrophysiological effects. Thus, the reduction of alpha
band activity after cathodal tDCS of either the left DLPFC or
the right posterior parietal cortex might be related to general
effects of the tDCS on the underlying fronto-parietal network
involved in visuo-spatial WM. Indeed, widespread tDCS-induced
changes in cortical activity have been demonstrated by a previ-
ous neuroimaging study (Keeser et al., 2011). Moreover, it can be
demonstratedbysimulationapproaches,thatthemountingof the
current electrode at parietal electrode sites P8/P10 induces cur-
rents not only to posterior (parietal and occipital) brain areas,but
also to the temporal and frontal cortices. Thus, it is likely that
by inﬂuencing one component of the WM network, the electrical
stimulationhadaninﬂuenceonthefunctioningof theentireWM
system.
In the present study we also revealed tDCS-related effects
for stimuli attended in the right hemiﬁeld, i.e., ipsilateral to
the active tDCS stimulation. Even though EEG studies consis-
tently report parietal contralateral activity during visual WM
tasks to be strongly lateralized (Klaver et al., 1999; Vogel and
Machizawa,2004),functionalmagneticresonanceimaging(fMRI)
also emphasizes bilateral parietal BOLD activation (Robitaille
et al., 2010). It has been proposed that this discrepancy might
relate to the different temporal resolutions of both methods. It
mightbethatthemnemonicrepresentationsof theparietalcortex
areinitiallylateralized,butbecomemorebilateralovertimewithin
onetrial.Thus,givethegoodtemporalresolutionof EEGdata,the
lateralized ERP components are more suitable to detect this spe-
ciﬁcdifferencesandfMRIisnotabletoresolvethistransienteffects
(Robitailleetal.,2010).However,basedonthesedivergentreports
we cannot rule out bilateral involvement of the parietal cortex
during the particular paradigm used in the present study. Con-
sequently, the involvements of the ipsilateral hemisphere might
explain the observed electrophysiological and behavioral effects
on stimuli that have been attended in the right hemiﬁeld.
In summary the present study shows that tDCS of the parietal
cortex can change the organized cortical activity associated with
visuo-spatial WM in concert with systematic alterations of WM
performance.Toourknowledge,thisistheﬁrststudyinvestigating
the effects of parietal tDCS on electrophysiological brain activity
in the context of a visuo-spatialWM task. The results of the study
willprovideabetterunderstandingoftheneuromodulatoryeffects
of tDCS and demonstrate its potential at fostering knowledge for
therapeutic application of tDCS in neuropsychiatric diseases.
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